regulatory DNAs were defined for Attacin A, CecA1, Dipsequence different from the one they bind as homodimers: GGGA A ⁄ T TC C ⁄ A C. This sequence represents a tericin, Drosomycin, and Metchnikowin. Additional regulatory DNAs were identified for PGRP-SB1, Defensin, nearly perfect palindrome with an inflection point in the center. Taken together these results imply that Dif and Ady, and Runt. The detailed analysis of the Metchnikowin regulatory DNA demonstrates the importance of Relish homodimers may be flexible and thereby bind diverse DNA sequences, whereas Dif/Relish heteroboth REL and GATA sites for gene activation. A modified CecA1 regulatory DNA with an inverted GATA site no dimers have a more rigid structure and hence bind fewer sites. The consensus sequence for Serpent is related longer mediates activation in the larval fat body upon infection. The Defensin regulatory DNA mediates inducto the general motif seen for this family of transcription factors (WGATAR), although SELEX assays identified tion in the gut, but a single nucleotide substitution that creates an appropriately positioned GATA site causes a more specific sequence that contains additional 3Ј residues ( Figure 1E ). As discussed below, the characterthe modified regulatory DNA to be active in the fat body. We discuss the basis for REL-GATA synergy and sugization of this extended Serpent recognition sequence facilitated the analysis of immunity regulatory DNAs. gest that immunity regulatory DNAs contain an organization that is somewhere between the loose clustering of cis-regulatory elements seen for enhancers that direct Figure 4A and sites positioned in the same orientation. The only other ( Figure 5B ). Each of the three GATA sites is essential genes that possess a similar organization, Fas3 and Zen, for optimal expression. However, sites that map close failed to mediate expression in the fat body. However, to the transcription start site are more important than in both cases, the closest REL and GATA sites map those located in more distal regions. For example, mutamore than 400 bp from the transcription start site. In tion of the distal-most GATA site (GATA1) results in a contrast, the linked sites in the Ady and Runt 5Ј regulamodest decrease in activity, whereas mutation of the tory regions map immediately 5Ј of the minimal eve proproximal GATA3 site results in an ‫-03ف‬fold reduction in moter in the lacZ expression vector.
expression. The relative importance of each GATA site also correlates with its in vitro binding affinity for the Serpent protein, with the GATA3 site exhibiting the highImportance of Individual REL est affinity ( Figure 5C ). Gel shift assays were used to and GATA Binding Sites demonstrate that point mutations in the GATA (and REL) The activities of the REL and GATA sites were Reduced induction of the modified CecA1 regulatory an appropriate GATA site in the Defensin regulatory DNA causes it to become active in the fat body. Thus, these DNA with an inverted GATA site is not due to diminished studies suggest that immunity regulatory DNAs share binding of Relish or Serpent. Gel shift assays were done a common organization and raise the possibility that to test this possibility ( Figure 6B ). Relish and Serpent eukaryotic enhancers contain constrained structural proteins were mixed with short DNA fragments confeatures rather than being composed of unordered clustaining the REL-GATA sequences in the wild-type and ters of DNA binding sites. Figure 6D, lanes 1-4) .
The most notable feature of the regulatory regions However, a single nucleotide substitution was made that presented in this study is the occurrence of linked REL converts the sequence into a strong GATA site (CGA and GATA sites positioned with the same relative orien-TAAG). This site binds Serpent well ( Figure 6D , lanes tation. There are four possible arrangements of tandem 5-8), and is situated just 10 bp downstream of a palin-REL and GATA sites, and each possible arrangement, dromic REL site. The modified Defensin enhancer was or class, is seen in at least one of the immunity regulatory attached to the lacZ reporter gene and introduced into regions tested in this study (summarized in Figure 7 ). transgenic larvae. Upon infection, the modified enWe imagine classes 1 and 3 are equivalent in terms of hancer directs expression in the fat body and gut, their REL-GATA stereochemistry, differing only in their whereas the normal enhancer is expressed primarily in orientation relative to the promoter. Likewise, classes 2 the gut ( Figure 6C) . and 4 are similar to each other and stereochemically distinct from classes 1 and 3 (see also Model 1). We Discussion speculate that the exact type of REL-GATA composite element might dictate what types of Rel factors are perWe have presented evidence that REL-GATA synergy mitted to bind or determine the overall architecture of is essential for the activation of several immunity genes the Rel-Serpent complex. in Drosophila. This synergy appears to depend on
The importance of having a GATA site with the same closely linked REL and GATA binding sites that are orgapolarity as a REL site was demonstrated by inverting nized in the same orientation (summarized in Figure 7) . the proximal REL and GATA sites within the Mtk and Nearly half of the most strongly activated immunity CecA1 regulatory regions. The most obvious explanagenes (21 of 50) exhibit this type of organization, and tion for this reliance on REL-GATA orientation is that if we extend our analysis to the 134 genes known or Rel factors physically associate with the Serpent protein predicted to function in immunity from the microarray ( 
Experimental Procedures
The labeled DNA was purified on a G50 column as before. Binding reactions were performed essentially as described above. Plasmids Protein expression constructs for Dorsal, Dif, Relish, and Serpent were generated by cloning the appropriate PCR fragments into the Infection and ␤-Gal Staining pRSET vector (Invitrogen). Dorsal (aa 1-678), Dif (aa 1-667), and Transgenic climbing third-instar larvae were poked with a pulled Serpent (aa 1-950) were cloned between NcoI and HindIII sites; glass capillary (Frederick Haer & Co) dipped in a pelleted mixture Relish (aa 3-595 and aa 113-595) between Kpn I and Eco RI. Fullof Micrococcus luteus and Escherichia coli bacteria. As controls, length GST-Dif was a gift from Tony Ip. Enhancers were PCR amplilarvae were poked with clean capillaries or left untreated. The anified from genomic DNA with a 5Ј primer containing a BglII site and mals were allowed to recover on apple juice agar plates at room a 3Ј primer containing a BamHI site. The products contained the temperature for 3-6 hr. After infection larvae were dissected in Drostart codon, 5Ј UTR and flanking promoter region of the genes sophila Ringer's solution (182 mM KCl, 46 mM NaCl, 3 mM CaCl 2 , indicated. These were cloned as in-frame fusions to lacZ in a 10 mM Tris-HCl 8.0) and fixed (1% glutaraldehyde, 50 mM sodium pCaSpeR vector modified by Hilary Ashe to contain SuHw insulators cacodylate) for 15 min at 37ЊC. The entrails were briefly rinsed with flanking the multiple cloning site and lacZ gene. Mutagenesis was prestaining buffer (7.2 mM Na 2 HPO 4 , 2.8 mM NaH 2 PO 4 , 1 mM MgCl 2 , performed using primers harboring the desired mutation flanked by 0.15 M NaCl) and incubated in staining solution ( (Sigma) supplemented with 10% heat-inactivated fetal bovine serum (Sigma) and 1 ϫ Pen/Strep (Sigma). For transfections, cells were Protein Purification seeded in 24-well plates at a density of 2 ϫ 10 6 cells/ml. The day after Proteins were expressed as hexahistidine or GST fusions in Escheplating, transfections were carried out using the calcium phosphate richia coli BL21(DE3) pLysS, or HB101 bacteria, respectively, using method (Rio and Rubin, 1985) . The following amounts of DNA were the pRSET and GST expression vectors described above. Bacteria used: 0.1 g of each reporter per well plus 2 g of CMVZ, which were grown to an optical density at 500 nm of 0.5 to 0.8 at 37ЊC
served as an internal control for transfection efficiency. Two days and then induced with 1 mM IPTG for 3 hr. His-tagged proteins after transfection, 10 g of LPS (O127:B8, Sigma) was added, and were purified under denaturing conditions and purified by affinity the cells were harvested 9 hr later. Cell extracts were made with chromatography using Ni-NTA columns (Qiagen) according to the lysis buffer (Promega), and luciferase activity was measured on a manufacturer's instructions, with the addition of 10 M ZnSO4 in TD-20/20 luminometer (Turner Designs, Sunnyvale, CA). the binding and washing steps for Serpent. GST-Dif was purified under native conditions. Dif/Relish heterodimers were created by Acknowledgments codializing equimolar amounts of His-Dif (F.L.) and His-Relish (aa 3-595 or aa 113-595).
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